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ABSTRACT
We present an X-ray spectral and timing analysis of two NuSTAR observations of the transient
Be X-ray binary SAX J2103.5+4545 during its April 2016 outburst, which was characterized by the
highest flux since NuSTAR’s launch. These observations provide detailed hard X-ray spectra of this
source during its bright precursor flare and subsequent fainter regular outburst for the first time. In
this work, we model the phase-averaged spectra for these observations with a negative and positive
power law with an exponential cut-off (NPEX) model and compare the pulse profiles at different flux
states. We found that the broad-band pulse profile changes from a three peaked pulse in the first
observation to a two peaked pulse in the second observation, and that each of the pulse peaks has
some energy dependence. We also perform pulse-phase spectroscopy and fit phase-resolved spectra
with NPEX to evaluate how spectral parameters change with pulse phase. We find that while the
continuum parameters are mostly constant with pulse phase, a weak absorption feature at ∼ 12
keV that might, with further study, be classified as a cyclotron line, does show strong pulse phase
dependence.
1. INTRODUCTION
Accretion onto magnetized neutron stars provides a
unique laboratory to study the behavior of gas in high
magnetic and gravitational fields. In a binary consist-
ing of a neutron star and a stellar companion, gas typ-
ically leaves the companion star through either Roche
lobe overflow or a stellar wind (Reig 2011). If the gas
has a low enough angular momentum, the neutron star
can gravitationally trap part of this matter into an accre-
tion disk. However, at the magnetosphere of the neutron
star, the magnetic pressure exceeds the ram pressure of
the disk and accretion is confined to the magnetic field of
the neutron star (e.g. Wolff et al. 2016). Such magneti-
cally dominated accretion is not well understood, and yet
it plays an important role in accretion onto magnetized
objects such as neutron stars, white dwarfs, and young
stars. Accretion powered pulsars offer unique opportu-
nities to observe magnetically dominated accretion.
SAX J2103.5+4545 (hereafter J2103) is a Be X-ray
binary (BeXB) consisting of a neutron star and a high
mass stellar companion. It was discovered in 1997 by the
BeppoSAX satellite and observed to have a spin period of
358.61 ± 0.03 s (Hulleman et al. 1998). The optical coun-
terpart is a B IVe-Ve star with a visual magnitude of 14.2
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(Reig 2004). Optical data suggest the distance to J2103
is ∼ 6.5 kpc (Filippova et al. 2004; Reig 2004), while X-
ray data yield a smaller value of ∼4.5 kpc (Baykal et al.
2007). J2103 has an orbital period of 12.68 days and an
eccentricity of 0.4, making it the BeXB with the short-
est known orbital period (Baykal et al. 2000, 2007; Reig
et al. 2010).
After its discovery in 1997, J2103 was detected in out-
burst by RXTE in 1999 (Baykal et al. 2000). The 2–25
keV spectrum was described by an absorbed power law
with a photon index of 1.27 ± 0.14 and NH of (3.80 ±
0.10) × 1022 cm−2 (Baykal et al. 2002). Additionally,
J2103 was found to be in a spin up state with a rate
of (2.50 ± 0.15) × 10−13 Hz s−1 (Baykal et al. 2000).
Baykal et al. (2002) concluded that discovery of this pe-
riod derivative in conjunction with X-ray activity implied
the formation of an accretion disk around the compact
object.
X-ray outbursts have been detected by INTEGRAL
every 2–3 years since 2002 (Lutovinov et al. 2003; Sidoli
et al. 2005; Ducci et al. 2008; Reig et al. 2010; Sguera
et al. 2012; Ducci et al. 2014). During these events, a
strong precursor flare with a flux of ∼ 100 mCrab is fol-
lowed by ∼100 days of regular outbursts where the flux
is typically 20–40 mCrab. Regular outbursts occur on a
12 day cycle, consistent with periastron passage, and the
peak X-ray intensity is an order of magnitude above that
of quiescence (Reig et al. 2010). These outbursts coin-
cide with increased optical activity from the Be compan-
ion, including the Hα line seen in emission (Reig 2004;
Manousakis et al. 2007).
The existence of an Hα emission line, in addition to
optical and IR excess, indicates that a disk of ejected at-
mospheric material has formed around the Be compan-
ion star (Camero et al. 2014; Reig et al. 2014). Although
the formation mechanisms of such a circumstellar disk
are still uncertain, Keplerian disks supported by viscos-
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ity have been found to exist in isolated Be stars (Rivinius
et al. 2013). It is generally thought that J2103 spends
2–3 years in quiescence due to the formation time scale
for this circumstellar disk (Camero et al. 2014). When
the disk reaches a critical size, the neutron star rapidly
accretes much of the disk, resulting in the precursor flare.
The remainder of the disk is accreted during subsequent
periastron passages of the neutron star (Camero et al.
2014).
While previous studies have examined the soft X-ray
spectral properties of J2103 in outburst (e.g. Camero
et al. 2014), Baykal et al. (2002) noted that spectrum
of J2103 above approximately 10 keV becomes harder
when the X-ray flux is higher. The launch of the Nuclear
Spectroscopic Telescope Array (NuSTAR) in 2012 (Har-
rison et al. 2013) offers new opportunities to examine the
hard X-ray properties of this source in detail. In early
April 2016, J2103 went into outburst and exhibited the
highest flux since NuSTAR’s launch.
This outburst provided an opportunity to search for
cyclotron resonance scattering features (CRSFs), or cy-
clotron lines. A CRSF was first discovered in Her-
cules X-1 by Truemper et al. (1978), and since then ap-
proximately 25 sources have been discovered with cy-
clotron absorption features ranging between 10 and 80
keV (Fuerst & MAGNET Collaboration 2016). We dis-
cuss cyclotron lines in further detail in Section 4.
In this work, we examine phase-averaged spectra of
the two NuSTAR observations shown in Figure 1, one
taken during the precursor flare (hereafter Observation
I) and one taken approximately 60 days later during out-
burst (hereafter Observation II). In Section 3, we exam-
ine the spectral features of these two different flux states
and notice changes in the pulse profile. We also perform
pulse-phase spectroscopy on both observations in order
to better characterize the accretion mechanisms driving
the X-ray activity. In Section 4, we discuss a poten-
tial absorption feature that could be related to cyclotron
scattering.
2. OBSERVATIONS AND DATA REDUCTION
The data for this work came from two Target of Oppor-
tunity (ToO) observations taken with NuSTAR, which is
sensitive to the 3–79 keV energy range (Harrison et al.
2013). The time of observations are indicated in the left
panel of Figure 1, which shows the one day averaged
light curve of J2103 taken by Swift/BAT. The first ob-
servation occurred on 8 April 2016 (φorbital ≈ 0.6) with
an exposure time of 23 ks, and captured J2103 during
its precursor flare. The second observation, with an ex-
posure time of 41 ks, took place during the subsequent
outburst period on 16 June 2016 when the source was at
periastron passage (φorbital ≈ 0.0). The orbital phases
were determined using the ephemeris found by Baykal
et al. (2000). The right panel of Figure 1 shows the
light curve for this outburst overplotted with vertical
lines representing orbital phase 0 as defined by Baykal
et al. (2000). The alignment of orbital phase 0 with the
peaks in the Swift/BAT light curve suggest that peri-
astron passage occurs at approximately orbital phase 0.
This would imply a change to the orbital ephemeris since
the work of Baykal et al. (2000), who found orbital phase
0.4 to corresponds to periastron passage of the neutron
star.
We reduced these data using the nupipeline tool
in NuSTARDAS 1.4.1 (HEAsoft version 6.16, CALDB
20161021). Source spectra were extracted from a circu-
lar region with an 120′′ radius centered on the source.
Background spectra were extracted from a circular re-
gion with the same radius located on the other side of the
field of view. The barycentric correction was applied us-
ing the barycorr routine, and the photon arrival times
were further corrected for the orbit of J2103 using the
ephemeris from Baykal et al. (2000).
3. ANALYSIS AND RESULTS
3.1. Phase-averaged spectra
Using the NuSTARDAS pipeline, we extracted a
phase-averaged spectrum from the source region of each
observation for both Focal Plane Modules A and B
(FPMA and FPMB), which we rebinned using the
FTOOLS command grppha. We rebinned the spectra
above 10 keV using variable bin sizes to keep the errors in
the residuals above 10 keV approximately constant. Sev-
eral continuum models including a power law with a high
energy cut-off (White et al. 1983), FDCut (Fermi-Dirac
CUT-off power law, Tanaka 1986), and NPEX (Negative
and Positive power law with an EXponential cut-off, e.g.
Mihara et al. 1998) were applied to the phase-averaged
spectra using Xspec (version 12.8.2, Arnaud 1996). In
Observation I, the best fit (χ2 of 857.10 for 915 degrees
of freedom) was obtained for the NPEX model, which is
defined in Xspec as
f(E) = n1(E
−α1 + n2E−α2)e−E/kT ,
however it should be noted that Xspec requires that
−10 < α2 < 0, and the second power law has a posi-
tive exponent. The power law with a high energy cutoff
failed to fit the hard energy tail of the data, and resulted
in a higher χ2 of 881.17 for 918 degrees of freedom. Addi-
tionally, this model has been known to produce artificial
absorption features around the cutoff energy which must
be smoothed by the addition of Gaussians (e.g. Coburn
et al. 2002) or polynomials (e.g. Burderi et al. 2000), thus
adding additional free parameters to the model. The FD-
Cut model also failed to fit the hard tail and resulted in a
χ2 of 1217.53 for 918 degrees of freedom. Figure 2 shows
the phase-averaged spectrum for each observation fitted
with the best fit NPEX model.
In addition to the NPEX model, the data required a
soft thermal component, two Gaussian emission lines,
and a Gaussian absorption line that is discussed in Sec-
tion 4. Adding the blackbody component to the model
reduced the χ2 from 910.23 to 857.10 for Observation
I. In Observation II, the blackbody component is not
as strongly significant, but we included it in the Obs.
II model so that we can more directly compare the two
observations.
In Observation I, narrow lines corresponding to the Fe
Kα line at 6.4 keV and a highly ionized iron line at 6.9
keV are present. In Observation II, the highly ionized
iron line is no longer detected; instead, we find the best
fit with a broad and a narrow line at 6.4 keV. We found
that the narrow line is required by the data by running
an f-test simulation using the tcl script simftest where
the continuum model without the narrow Gaussian com-
ponent was the null hypothesis. We created 500 sim-
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Fig. 1.— Left: One day averaged light curve of J2103 taken with Swift/BAT. The black points indicate the times of observation with
NuSTAR. The first observation on 8 April 2016 falls within the precursor flare, while the second took place on 16 June 2016, during the
subsequent outburst. The black dashed line at rate=0 is plotted for reference. Right: Same as left for a narrower time range. Overplotted
vertical dashed lines represent orbital phase 0 as defined by the Baykal et al. (2000) ephemeris. While Baykal et al. (2000) states that
periastron passage occurs at φorbital ≈ 0.4, the alignment of the φorbital = 0.0 lines with the peaks in the Swift/BAT light curve strongly
suggests that periastron now coincides with orbital phase 0.
ulated spectra and, using the test statistic ∆χ2, found
that the observed ∆χ2 was greater than the simulated
values by an order of magnitude in all cases. We con-
clude that the narrow Fe line feature is strongly required
by the data.
For both observations, the model was applied and fit-
ted jointly to the NuSTAR FPMA and FPMB spectra.
The parameters in the model for the FPMB spectrum
were tied to the parameters in the FPMA spectrum and
related by a cross-calibration constant. Table 1 contains
the results of the spectral fits shown in Figure 2. In all
models we used elemental abundances and cross sections
given by Wilms et al. (2000) and Verner et al. (1996),
respectively.
Using the X-ray and optical distance measurements for
SAX J2103.5+4545, we calculated the 3 – 40 keV lumi-
nosity of the Observation I to be between (0.5–1.1)×1037
erg s−1 and the 3 – 40 keV luminosity of Observation II
to be between (1.5–3.2)×1036 erg s−1, where the range
in luminosities results from the different distance mea-
surements to the source.
3.2. Pulse profiles
The pulse period of J2103 was found using the FTOOL
efsearch (Leahy et al. 1983), which folds the light
curve over a range of test periods and produces a chi-
squared plot where the maximum is the best pulse pe-
riod. The uncertainty in the pulse period was found by
using the pulse profile to simulate 500 light curves, and
finding the range of simulated pulse periods. We found
a best pulse period of 349.23 ± 0.01 s for Observation
I and 349.20 ± 0.01 s for Observation II. Pulse profiles
were created using the FTOOL efold, which fold the
light curve over the desired period to create a pulse pro-
file. The pulse profiles are shown in Figure 3, where, for
clarity, the phases have been chosen so that the peaks
align.
The pulse profile for Observation I shows a three
peaked profile where the peaks increase in count rate
as a function of phase. In Observation II, the first peak
is no longer visible, yielding a pulse profile with only two
peaks. To check the energy dependence associated with
these pulse profile changes, the cleaned event files for Ob-
servations I and II were filtered into five energy bands,
TABLE 1
Phase-averaged spectral parametersa
Parameter Observation I Observation II
NH (×1022 cm−2) 4.4 ± 1.4 2.9 ± 0.8
kTBB (keV) 0.35 ± 0.05 0.2 (fixed)
nBB (keV) 0.008 ± 0.007 0.62 ± 0.04
α1 0.61 ± 0.06 0.64 ± 0.1
α2 -2.1 ± 0.2 -2.2 ± 0.3
nα2 (8.2 ± 3.3)×10−5 (7.9 ± 7.0)×10−5
kTfold (keV) 10.7 ± 0.8 9.1 ± 1.2
log10(F3−40 keV) -8.650 ± 0.004 -9.191 ± 0.004
EFe1 (keV, fixed) 6.4 6.4
σFe1 (keV, fixed) 0.1 0.05
nFe1 (5.8 ± 0.5)×10−4 (6.9 ± 2.5)×10−5
EFe2 (keV, fixed) 6.9 6.4
σFe2 (keV) 0.1 (fixed) 0.65 ± 0.15
nFe2 (1.7 ± 0.5)×10−4 (3.2 ± 0.7)×10−4
cFPMA (fixed) 1 1
cFPMB 1.021 ± 0.003 1.021 ± 0.004
χ2 857.10 881.85
Degrees of Freedom 915 885
a For the continuum model constant * tbnew * (cflux
* (npex * gabs)) + bbody + gauss + gauss). All er-
rors are 90% confidence intervals. The absorption feature is
discussed in Section 4.
and the pulse profiles were re-extracted in the same way
as before. The energy filtered pulse profiles, shown in
Figure 4, were normalized by subtracting the average
count rate in each band and dividing by the respective
standard deviation. In both observations, the strongest
pulse peak is dominated by hard X-rays. In Observation
I, the first peak is predominantly soft X-rays, and disap-
pears entirely in the harder energy bands. The first peak
in Observation II, which seemed to have disappeared in
the full energy band pulse profile (Figure 3), is shown to
still exist at harder energies, although it has also shifted
in relative phase.
3.3. Pulse-phase spectroscopy
The phase-averaged source event files were filtered
into 10 equal phase bins with xselect. The phase-
resloved spectra were extracted from these phase bins,
and grouped with grppha to have 100 counts per spec-
tral bin. We fitted each spectrum in the same way as the
phase-averaged spectra using the same NPEX continuum
4 Brumback et al.
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Fig. 2.— The phase-averaged spectrum of J2103 for Observation I (left) and Observation II (right). Spectra from NuSTAR FPMA are
shown in red, and NuSTAR FPMB in black. Both spectra are fitted with an NPEX model with a soft thermal component. In Observation
I the best fit to the iron line features are two Gaussian emission lines, one at 6.4 and one at 6.9 keV. In Observation II the best fit is two
Gaussians, one broad and one narrow, both centered at 6.4 keV. The bottom panel of each plot shows the data with the model subtracted,
and divided by the error. The overall shape of the spectrum is consistent between the two observations; the only substantive difference is
in the structure of the iron line.Observation 2 Pulse Profile
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Fig. 3.— Pulse profiles of J2103 for Observation I (black) and
Observation II (red), shifted so that the peaks align. Between the
two observations, the pulse profile changes from a three-peaked
profile to a two-peaked profile.
model in the of 3 to 40 keV range.
In initial fits to Observation I and Observation II, the
NH appeared to vary with pulse phase. These fluctua-
tions were most likely caused by degeneracy in the model
between the parameters for NH and the values of the
blackbody normalization. In order to limit this degener-
acy, we fixed the NH to its phase-averaged value in all
phase bins.
Within each model the power law index α1, folding
energy, flux, and normalizations of the blackbody com-
ponent and Gaussian lines were variable. We fixed the
power law index α2 to its phase-averaged value to reduce
degeneracy between the two power law indices and the
folding energy. Although it would have further reduced
degeneracy in the model to fix the folding energy as well,
we found that doing so resulted in a poor fit to the data.
An error analysis of each variable parameter was also
conducted in Xspec, yielding values with 90% confidence
intervals. To check for pulse phase dependence, these
parameters were plotted against pulse phase (see Figure
5).
In both observations, the line energies and widths for
the two Gaussian components were fixed to their phase-
averaged values because they could not be constrained
in the phase-resolved analysis. In Observation I the iron
line strengths are consistent with being constant with
pulse phase. In Observation II, the iron lines are required
by the data, as their absence results in reduced χ2 values
of 1.2 or higher. However, due to the reduced signal to
noise in these spectra and degeneracy in the continuum
model, it is challenging to quantify the fluctuation of iron
line strength with spin phase in a meaningful way.
The phase-resolved spectroscopy with 10 phase bins
ultimately does not yield conclusive results about the
behavior of spectral parameters with pulse phase. The
lack of coherent pulsations in Figure 5 could be caused
by degeneracies between the power law indices and the
folding energy.
3.4. Pulse-peak spectroscopy
Since phase-resolved spectroscopy using fine phase bins
did not yield conclusive results, we used the shape of the
pulse profile to motivate a different binning selection.
Both observations were divided into three phase bins,
each of which covered a pulse peak within the pulse pro-
file (see black lines in Figure 4). These phase bins were
labeled Peak 1, Peak 2, and Peak 3, respectively, where
Peak 3 is the strongest pulse in the pulse profile. We ex-
tracted three spectra for each observation according to
this phase selection, and use the same binning and energy
range restrictions as in the phase-averaged analysis.
For both observations, we fit the spectra from the
three pulse-peak phase bins simultaneously and refer
to parameters that are tied together, so as to be
the same value in all phase bins, as global parame-
ters (as in Ballhausen et al. (2017), see method de-
scription in Ku¨hnel et al. (2015, 2016)). We also
fixed the Fe line energies and widths to their phase-
averaged values in all phase bins to reduce the number
of free parameters. We fitted each of the three pulse
peak spectra with the continuum model used on the
phase-averaged spectra (constant * tbnew (bbody
+ cflux * npex + gaus + gaus)). We defined
the column density NH the folding energy, and the
FPMB normalization to be global parameters since we
expect these to vary little with pulse phase. Addition-
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Fig. 5.— The values of the NPEX parameters α1 and folding energy as a function of pulse phase for Observation I (top row) and
Observation II (bottom row). The power law index α2 was fixed to the phase average value. The corresponding pulse profile, shown as
a black line for reference in each panel, has been normalized to match the data. The change in folding energy from pulsed in Obs. I to
consistent with constant in Obs. II suggests that there is still degeneracy between α1 and the folding energy.
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ally, the blackbody temperature is a global parameter
in Observation I, however this parameter is poorly con-
strained in Observation II and had to be fixed to its
phase-averaged value in all phase bins.
We found the following global parameters for Ob-
servations I and II, respectively: the NH values are
(4.6± 1.4)× 1022 cm−2 and (3.0± 0.7)× 1022 cm−2, the
folding energies are 10.6 ± 0.6 keV and 8.0 ± 0.5 keV,
and the FPMB normalizations are 1.021 ± 0.003 and
1.021 ± 0.004. The blackbody temperature for Obser-
vation I is 0.37 ± 0.04 keV. The continuum parameters,
found in Table 2, generally do not vary strongly with
pulse phase.
In Observation I, Figure 4 indicates that there are
only slight variations in continuum shape between pulse
peaks. For Observation I, the pulse profiles indicate that
Peak 1 and Peak 2 are both softer than Peak 3. However,
as seen in Figure 6, the steepness of the power law does
not change significantly across the three pulse peaks. The
continuum parameters for Obs. I (Table 2) are generally
consistent with being constant.
In Observation II, the largest change with pulse phase
can be seen in the α1 parameter, which varies signifi-
cantly between Peak 1 and Peak 2. This change can be
seen in Figure 6, where the Obs. II Peak 1 and Obs. II
Peak 2 spectra have different slopes. The change in slope
could also be driven by the relative strength of the sec-
ond power law in NPEX, which is significantly stronger
in Obs. II Peak 1 than in the other two phase bins.
4. A POSSIBLE ABSORPTION FEATURE
4.1. Introduction
NuSTAR’s hard X-ray sensitivity also allows us to
search the hard X-ray spectrum for cyclotron lines. The
CRSF appears as an absorption-like feature at hard en-
ergies that occurs due to resonant scattering of contin-
uum photons by electrons on quantized Landau energy
levels in the strong magnetic field of the neutron star’s
accretion column. Because the energy spacing between
Landau levels can be given by ECRSF = ~eB/mec =
11.57B12 keV (where B12 is the magnetic field strength
in units of 1012 G), the line energy at which the CRSF
appears is a direct measurement of the strength of the
pulsar’s magnetic field close to the neutron star sur-
face. Understanding the magnetic properties of neutron
star X-ray binaries like J2103 is necessary for modeling
both accretion and emission models (e.g. Becker & Wolff
2007).
4.2. Phase-averaged absorption feature
Despite the lack of an obvious CRSF in the phase-
averaged spectra, we attempted to find an upper limit
on a cyclotron line feature at any energy. We added the
Xspec Gaussian absorption model component gabs to
the continuum model and stepped the line energy from 8
to 60 keV. In each observation, we found an improvement
in χ2 at specific energies (∼30 keV for Obs. I and ∼15
keV for Obs. II).
We verified this ∆χ2 by running steppar on the ab-
sorption line energy while the line strength and contin-
uum parameters (NPEX: α1, α2, folding energy, cross
normalization; cflux: log of flux) were variable. All
other parameters in the model were fixed to their phase-
averaged values. Since steppar returns the χ2 for the
model fit as it steps through ECRSF, we compared the
maximum and minimum χ2 to obtain a second measure-
ment of ∆χ2.
In the Obs. I phase-averaged spectrum, the best fit
absorption feature had a line energy of 31 keV and a
depth of 0.2. The line width was frozen to 4 keV, a
typical width for CRSFs (e.g. Tendulkar et al. 2014),
due to this parameter being poorly constrained. This
line was detected with a ∆χ2 of 2.5, which is not strong
enough to be considered significant. In the Obs. II phase-
averaged spectrum, the best fit absorption feature had a
line energy of 15.3 keV, a depth of 0.3, and a width of
3.3 keV, and resulted in a ∆χ2 of 6.4.
We used the Xspec tcl script simftest to determine
the significance of the absorption feature in the Obs. II
spectrum. We used the continuum NPEX model without
gabs as our null hypothesis, and simulated fake spectra
from this model. Simftest then fitted the continuum
NPEX model with and without gabs and recorded the
change in χ2 for 10,000 trials. As a test statistic, we
used a ratio of the normalized χ2 for the model fit with-
out the absorption feature to the normalized χ2 for the
model fit with the absorption feature, where the nor-
malized χ2 is the χ2 divided by the associated degrees
of freedom (in other words, the random variate of the
F -distribution. We found that the observed normalized
χ2 ratio was greater than 96.2% of the ratios from the
sample of 10,000 simulated data sets, corresponding to
∼ 1.8σ (one-tail test).
4.3. Pulse-peak absorption feature
The 10 phase-resolved spectra had too few counts in
each bin to effectively search for a weak absorption fea-
ture. We therefore checked for phase dependence in the
feature using the three pulse-peak spectra from each ob-
servation. For both observations, as was done with the
phase-averaged spectra, we stepped the energy of the ab-
sorption feature from 8 to 60 keV and performed a fit at
each energy. For both observations, we found that the
absorption lines in the phase bins Peak 1 and Peak 3
were not significant detections. However, the absorption
features in Peak 2 were significant in both observations,
and the line parameters were similar. In Observation 1,
the best fit Peak 2 absorption feature had a central en-
ergy of 11.2 keV, a line width of 4 keV, and a depth of
0.5. In Observation II, the best fit Peak 2 feature had a
central energy of 12 keV, a width of 3.3 keV, and a depth
of 0.7. In both of these cases, the widths were taken from
the phase-averaged spectral line fits. The line parame-
ters for each phase bin and the ∆χ2 improvement are
listed in Table 3. We found that adding an absorption
feature resulted in a χ2 improvement of 11 in Observa-
tion I and 34 in Observation II. In Figure 7, we show the
fit to the Obs. II Peak 2 spectrum with and without the
gabs model component. The absorption feature can be
seen as a slight dip in the residuals in the bottom panel.
We ran simftest and calculated the normalized χ2
ratio in the same way as for the phase-averaged spec-
trum to test the significance of the absorption features
in the Peak 2 phase bin of both observations. We found
that, for Observation I, our observed normalized χ2 ratio
was greater than 99.2% of the ratios from the simulated
spectra. In Observation II, the observed ratio was greater
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A new version of figure 7, I made this quickly without exporting 
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spectra are Obs. I and the three bottom spectra are Obs. II
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Fig. 6.— Spectra extracted from the three pulse-peak phase bins noted in Figure 4 for Observation I (greyscale) and Observation II
(blues). Only the FPMA spectrum from each pulse peak is plotted, for clarity. While there are some differences in overall count rate, the
slope of the power law is generally consistent across all three phase bins.
TABLE 2
Pulse-peak-resolved spectral parametersa,b
Observation Parameter Peak 1 Peak 2 Peak 3
Observation I nBB 0.007 ± 0.004 0.004 ± 0.003 0.010 ± 0.005
α1 0.63 ± 0.06 0.70 ± 0.06 0.55 ± 0.06
α2 -2.1 ± 0.2 -2.0 ± 0.2 -2.2 ± 0.2
nα2 (6.1 ± 4.9)× 10−5 (9.0 +7.7−4.2)× 10−5 (6.9 ± 3.4)× 10−5
log10(F3−40 keV) -8.755 ± 0.005 -8.689 ± 0.005 -8.562 ± 0.004
nFe1 (6.1 ± 0.8)× 10−4 (5.5 ± 1.0)× 10−4 (5.8 ± 0.8)× 10−4
nFe2 (1.7 ± 0.7)× 10−4 (2.0 ± 1.0)× 10−4 (1.7 ± 0.8)× 10−4
Observation II nBB 0.12 ± 0.03 0.03 ± 0.03 0.10 ± 0.05
α1 0.45 ± 0.07 0.65 ± 0.07 0.54 ± 0.07
α2 -2.5 ± 0.2 -2.7 ± 0.2 -2.5 ± 0.2
nα2 (1.1
+0.6
−0.3)× 10−4 (2.1 +1.3−0.8)× 10−6 (5.7 +3.0−1.9)× 10−5
log10(F3−40 keV) -9.315 ± 0.004 -9.279 ± 0.004 -9.056 ± 0.003
nFebroad (1.6 ± 0.8)× 10−4 (4.3 ± 1.0)× 10−4 (3.2 ± 1.2)× 10−4
nFenarrow (7.5 ± 3.4)× 10−5 (6.8 ± 4.1)× 10−5 (6.1 ± 5.2)× 10−5
a All errors are 90% confidence intervals. The energy and width of the Fe lines were fixed to their
phase-averaged values in all phase bins. The NH, kTBB, folding energy, and FPMB normalization
were defined as global parameters.
b The reduced χ2 values were 1.029 and 1.005 for Observations I and II, respectively.
than 99.8% of ratios from the simulated spectra.
The ≈ 2.4σ and ≈ 2.9σ (one-tail test) presence of this
absorption feature within the same phase bin of both ob-
servations, and at approximately the same energy, sug-
gests that this feature is not a calibration error or statis-
tical phenomenon.
5. DISCUSSION
Through our phase-averaged spectral analysis we found
that the power-law continuum of J2103 did not signifi-
cantly change between the two observations, despite their
difference in flux. Visual inspection of the spectra do not
reveal obvious signs of a cyclotron line feature, however
the addition of a Gaussian absorption feature does result
in an improvement of χ2 in both observations. We found
this change in χ2 is only statistically significant in Obs.
II, where it resulted a probability of chance improvement
of the χ2 of 3.8%. In both observations, this absorption
feature shows phase dependence and is only significantly
detected in the phase bin labeled Peak 2 in Figure 4 (in
a one-tail test, the significance corresponds to ≈ 2.4σ
and ≈ 2.9σ for Observations I and II, respectively). The
strong phase dependence of this feature suggests that
it could be a CRSF, which have been known to vary in
strength and energy with pulse phase (e.g. Staubert et al.
2013; Schwarm et al. 2017).
There remains a small possibility that this feature is
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Fig. 7.— Top: the NuSTAR FPMA (red) and FPMB (black) spectrum from the Observation II Peak 2 phase bin. The spectrum has
been fitted with the best fit model, which includes gabs, and binned more strongly to demonstrate the fit. Middle: the data with the
model subtracted and divided by the error for the best fit model shown above. Bottom: the data with the model subtracted and divided
by the error for the best fit model in which the gabs component has been removed. The dip in delchi at approximately 12 keV is the
absorption feature.
TABLE 3
Pulse-peak-resolved spectral parametersa
Observation Parameter Peak 1 Peak 2 Peak 3
Observation I Egabs (keV) 12.4 11.4 29
dgabs 0.2
+0.3
−0.2 1.0 ± 0.4 0.2 +0.3−0.2
wgabs (keV, fixed) 4 4 4
Maximum ∆χ2 from adding gabs 0.4 11 0.8
Significance · · · 99.2% · · ·
Observation II Egabs (keV) · · · 12.0 ± 0.9 16.1 +1.3−1.5
dgabs · · · 0.8 ± 0.3 0.4 ± 0.2
wgabs (keV, fixed) · · · 3.3 3.3
Maximum ∆χ2 from adding gabs · · · 34 6
Significance · · · 99.8% · · ·
a Where no uncertainty is given, these values were found to be the best fit in Xspec, but
needed to be frozen to ensure a stable error analysis.
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a calibration issue with NuSTAR, which has previously
known calibration uncertainties in the range of 10-14 keV
(e.g. Fu¨rst et al. 2013). However, more recent updates
to the NuSTAR database have significantly improved the
calibration (Madsen et al. 2015). Additionally, the phase
dependences of the absorption feature suggests that it is
not a calibration issue. There is also an unexplained fea-
ture in the spectra of some neutron star X-ray binaires
known as the 10 keV bump (see Section 6.4 in Coburn
et al. (2002) for a review). This feature can be present
either in emission or absorption at ≈10 keV and can ap-
pear in sources with or without cyclotron features. For
pulsars with low energy CRSFs, emission in this region is
generally caused by Comptonized cyclotron cooling (e.g.
Ferrigno et al. 2009), however it is unclear what, if any,
physical mechanism drives this feature (Coburn et al.
2002).
If the absorption feature found in our data is caused by
cyclotron scattering, we can constrain the magnetic field
of J2103. The magnetic field strength can be found using
the equation ECRSF = 11.57B12(1+z)
−1 keV, where B12
is the magnetic field strength in units of 1012 G. Using the
best fit value of 12.0± 0.9 keV found in the Observation
II Peak 2 phase bin, we estimate a magnetic field of ≈
1× 1012(1 + z)−1 G. This would categorize J2103, along
with KS 1947+300, which has ECRSF = 12.5 keV (Fu¨rst
et al. 2014), and 4U 0115+63, with ECRSF = 11−15 keV
(Iyer et al. 2015), as a weakly magnetic compared to the
majority of cyclotron sources (Fu¨rst et al. 2013).
In both Observation I, a soft thermal component is
necessary to describe the continuum below 5 keV (∆χ2≈
50). We include the blackbody component in Observa-
tion II Hickox et al. (2004) describes the origin of the
soft X-ray excess in pulsars, and for moderate luminos-
ity pulsars such as J2103, attributes this excess to either
disk reprocessing, diffuse gas emission, or a combination
of both. The presence of ionized iron indicates that disk
reprocessing is the most likely cause of the soft excess in
this source.
We detect a narrow Fe Kα feature at 6.4 keV in both
of our observations. Previous works have detected the
Fe Kα line in J2103 both during outburst with RXTE
(e.g. Baykal et al. 2002) and quiescence with Chandra
and XMM-Newton (e.g. Reig et al. 2014; Gime´nez-Garc´ıa
et al. 2015). Each of these works finds a faint, narrow
(σ ∼ 0.1 keV) line at 6.4 keV. Our data provides the
clearest spectral picture of the iron line complex to date.
During the bright precursor flare, we detect a highly
ionized iron line at 6.9 keV. This is the first time this
line has been observed in J2103. The structure of this
iron line appears to change between the two observa-
tions. In Observation II, the 6.9 keV line feature is no
longer visible, and the spectrum is best fit by a broad
and narrow Gaussian component, each centered at 6.4
keV. This change could possibly be driven by the differ-
ences in the accretion flow between the two observations.
The precursor flare is believed to be a significant accre-
tion event (Camero et al. 2014) where temperatures in
the disk could result in highly ionized states of iron. Af-
ter the precursor flare, more moderate accretion occurs
during periastron passage, which could explain the lack
of a highly ionized iron line in Observation II. The 0.65
keV width of the broad line that appears in Obs. II is
consistent with orbital velocities of gas at the edge of the
magnetosphere.
Although the period of pulsation is constant over Ob-
servation I and Observation II, the shape of the pulse
profile changes from three peaks to two peaks. Figure
4 indicates that the changes in shape are energy depen-
dent. These differences could also be a result of differ-
ences in the accretion rate between the two observations.
In order to fully describe the shape of the pulse profile,
light bending from the opposite pulsar beam must also
be considered (e.g. Falkner et al. 2016).
Phase-resolved spectroscopy with 10 equal phase bins
proved inconclusive, partially because of reduced sig-
nal to noise in these narrow phase bins. The broader
pulse-peak-resolved spectroscopy revealed that, while the
strongest pulse peak was the hardest, the overall contin-
uum shape did not change significantly. Some fluctua-
tions in the power law indices are visible, but degeneracy
between these parameters make the variations difficult to
interpret.
6. SUMMARY
We have observed J2103 for the first time with NuS-
TAR during its precursor flare and outburst. While the
flux of Observation I is greater than that of Observation
II, the shape of the continuum does not change signif-
icantly between the two observations. The phase aver-
aged spectra are best fit by the NPEX model where α1 is
∼0.66 and α2 is ∼ −2.0 for both observations. The best
fit also includes a soft blackbody component and several
ionized iron lines.
These observations provide the most detailed picture
of the iron line complex in J2103 to date. In addition to
detecting the Fe Kα line in both observations, we also
observe a highly ionized iron line during the bright pre-
cursor flare. The iron line structure appears to change
from two narrow gaussians at 6.4 and 6.9 keV in Ob-
servation I to a narrow and broad component, both at
6.4 keV, in Observation II. While our spectral resolu-
tion is not sufficient to determine the precise nature of
these changes, differences in the accretion rate between
the precursor flare and regular outburst could result in
different temperatures of the accretion disk, and thus the
ionization level of iron.
Pulse-phase spectroscopy with 10 equal phase bins
does not lead to conclusive results about the spectral
variations in this source. The iron line normalizations
show only weak fluctuations with pulse phase, and the
α parameters driving the slope of the power law do not
show smooth variations with pulse phase. Pulse-peak re-
solved spectroscopy with three phase bins dividing up the
peaks of the pulse profile indicate that the overall shape
of the continuum does not vary strongly with pulse phase.
We possibly detect an absorption feature at ∼ 12 keV
in both observations. This feature exhibits strong phase
dependence, and could be a CRSF. Future observations
with better spectral resolution in the 12 keV range could
help prove the presence of this feature. If this feature
is found to be a CRSF, it would classify J2103, along
with KS 1947+300 and 4U 0115+63, as one of the lowest
magnetic field cyclotron line sources.
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